Abstract -This paper presents the initial steps taken in order to determine the most effective method to predict flows in a transitional regime, which can then be applied to the rear wing of a Formula 1 vehicle. Recent literature [1] [2] suggests that incorporation of laminar kinetic energy is a promising method of transition prediction for industrial requirements. Two models incorporating laminar kinetic energy are implemented in an industrial finite volume code for validation and to investigate possible improvements for the final application. Additionally, several low-Reynolds number eddy-viscosity models are tested for a flat plate subjected to a turbulence intensity sufficiently high for bypass transition. The skin-friction coefficients are compared with experimental results and the fully turbulent profiles are examined. Although the physics of laminar kinetic energy are not completely understood at present, the results suggest that the modeling of it simulates additional physics within a boundary layer. The work is ongoing.
Introduction
CFD has become recognized as a useful tool for design within the aerospace industry. However the phenomenon of laminar-turbulent transition cannot be captured by high-Reynolds number turbulence models. This problem is also encountered in Formula 1 racing, where the large disturbances in the free-stream and their subjection to large pressure gradients can lead to bypass transition over the rear wing.
In CFD there are two approaches commonly in use for bypass transition prediction: lowReynolds number RANS modeling and intermittency modeling. The main advantages of using low-Reynolds number RANS models are that they are single-point, hence easy to implement and run, and they run at a low computational cost when compared to LES and DNS. A disadvantage is that the simulation of transition is completely diffusion controlled, so the models are not capable of capturing growth of instabilities in the boundary layer. Intermittency models introduce an intermittency factor to blend the laminar and turbulent flow in the transition region. The transition location is predicted with experimental correlations. One disadvantage of this method is that non-local variables, such as the transition onset momentum thickness, are required. In 2006, Menter et al. [3] introduced an intermittency model using only local variables. The model has shown some success; however its correlation basis poses the question of how generally applicable the model is and two of the required functions for the Menter et al. model are proprietary. Malan et al. [4] , however, have recently produced substitute correlations. In this paper, difficulties in convergence are reported and the additional equations are computationally expensive. Thus, a compromise is required between CPU requirements, stability and accuracy of results. One proposed method to improve predictions of eddy-viscosity models is to incorporate terms which account for some of the physics that are not captured by the model.
Turbulence, Heat and Mass Transfer 6
Walters and Leylek [5] have developed such a model using observations by Mayle and Schulz [6] . Experimental observations show that there are stream-wise fluctuations within the transitional boundary layer, which are described by Mayle and Schulz as "laminar kinetic energy". These stream-wise fluctuations are caused by the "splat mechanism" which is described by Bradshaw [7] as the process of eddies outside the boundary layer being brought to rest at the wall due to the impermeability condition. This causes the energy to be re-directed tangentially. Since the breakdown of the laminar kinetic energy contributes to the transition process, the inclusion of laminar kinetic energy (k L ) should improve a model's transition prediction capability.
The Turbulence Models
In order to model laminar kinetic energy the minimum length-scale, λ ef f , that contributes to its production requires calculation. The k T − k L − ω models of Walters and Leylek [5] and Walters and Cokljat [2] approximate this length-scale as
where C λ = 2.495, d is wall distance and λ T is the turbulent length-scale. The transport equations for the models follow a similar form to classic RANS models. The Walters-Leylek (2005) model [5] can be summarized as follows:
The Walters-Cokljat model [2] follows a similar form to that shown in Equations 2 to 4. R and R N AT represent the breakdown of the laminar kinetic energy. R is responsible for the breakdown during bypass transition, while R N AT represents the breakdown due to instabilities in the boundary layer. These terms are controlled by threshold functions. In the Walters-Leylek models they are determined mainly through dimensional reasoning, while in the Walters-Cokljat version the phenomenon is better addressed. The fourth term in Equation 4 is included in order to account for a reduced intermittency effect in the outer region of the boundary layer. This term is also present in the Walters-Cokljat model as it arises due to the use of specific dissipation rate ω, rather than dissipation rate , as the scale-determining variable. The definitions of all of the terms and functions, plus a descriptions of their origin, can be found in the papers by Walters and Leylek [5] and Walters and Cokljat [2] . Figure 1 shows predictions of skin-friction coefficient for the T3A flat plate test case of Savill [8] . The test case is used to investigate the effects of secondary influences such as numerical schemes. It also gives examples of commonly used turbulence models' transition prediction capabilities for comparison. Of the models tested in STAR-CD, its "standard" low-Reynolds number model of Lien et al. [9] gives the most accurate prediction of skin-friction coefficient; yet transition onset is still too early. Figure 1 shows that the SST model begins transition too early and under-estimates skinfriction coefficient in the fully turbulent region. Both of the k T − k L − ω models predict these two aspects more accurately. To investigate this, Figure 2 compares the model predictions of u + and k + . The SST model gives a significantly lower prediction of k + in the viscous sublayer region than the k T − k L − ω model. The near-wall dissipation term, D T , included in the Walters-Leylek model (see Equation 2) ensures the correct asymptotic behavior at the wall; the SST model does not have this term, which could account for the under-prediction. The results also show that there is some laminar kinetic energy in the viscous sub-layer; Walters and Leylek [11] attribute this to the similarity between the viscous sub-layer and the pre-transitional boundary layer. The Walters-Leylek model also gives a better prediction of u + than the SST model. The profile is identical to that of the experimental except it seems to be off-set slightly. The reasons for this are to be explored.
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Summary and Conclusions
The test case presented here shows some effects of the inclusion of laminar kinetic energy in a turbulence model. A general trend is that the k T − k L − ω models give qualitatively correct results, implying that the inclusion of laminar kinetic energy does help simulate physical phenomenon that can not be replicated with a low-Reynolds number eddy-viscosity model. The significant improvement in prediction of skin-friction coefficient from the 2005 k T − k L − ω model of Walters and Leylek to the 2008 model of Walters and Cokljat may come from the improved description of physical phenomena in the functions. This requires further investigation.
The development of models incorporating laminar kinetic energy is still in its early stages. One possible area for improvement is noted by Sveningsson [12] , concerning the calculation of effective length-scale. Sveningsson suggests using k, and mean strain rate to determine the separation of scales. This theory parallels the findings of Savill [8] that damping functions based on properties of the flow such as Re T , rather than wall proximity, yield better results for transition prediction. This is an important consideration for development of future models.
